ABSTRACT
INTRODUCTION
Acid mine drainage (AMD) is a persistent cause of water quality impairment in regions of the world that have experienced mining for coal or metal ores (Simate and Ndlovu, 2014) . In the Northern Appalachians sub-region of the United States, approximately 10% of stream reaches are acidified by drainage from abandoned coal mines (Herlihy et al., 1990) . The formation of AMD is triggered by a change in hydrology typically associated with mining. The large-scale earth disturbances expose pyrite (FeS 2 ) and similar sulfide-bearing minerals to water and oxygen, which through a series of chemical reactions produces discharges with low pH and elevated concentrations of sulfates, iron, aluminum, and other dissolved metals (Johnson, 2003; Akcil and Koldas, 2006; Jacobs et al., 2014) . Mine drainage enters surface waters through abandoned wells, mine openings, springs, or seeps in the watershed and can cause large reductions in stream pH and increases in dissolved metals. AMD can also degrade the physical habitat of streams, as iron hydroxide and other precipitates can clog interstitial spaces and cement substrate particles (DeNicola and Stapleton, 2002) . These conditions can lead to declines in benthic macroinvertebrate richness, abundance, diversity, and biomass (Gerhardt et al., 2004; Van Damme et al., 2008; Alvial et al., 2012) , as well as depressed fish abundance and diversity (Henry et al., 1999) . Economic costs associated with AMD-degraded waterways include increased costs for drinking water treatment, a decline in property values, and the loss of recreational opportunities. A substantial sum of government and private funds has been invested in an effort to mitigate AMD pollution. For example, the United States federal government has distributed more than 7.6 billion USD since 1977 via the Abandoned Mine Land Trust Fund, which is just one of several federal programs that fund remediation of water quality issues stemming from coal mining (United States Department of the Interior, 2015) . Remediation techniques include filling, re-contouring, and re-vegetating surface mines, removing spoil piles, backfilling deep mines and boreholes, plugging abandoned oil and gas wells, as well as a variety of active (periodic chemical inputs) and passive treatment systems designed to treat polluted discharges before they enter streams (review in Johnson and Hallberg, 2005) . In-stream water quality monitoring has been used to assess the effectiveness of AMD remediation efforts, but has typically been limited to evaluating stream reaches adjacent to the remediation site and sustained over short time spans (Wohl et al., 2005) . Biological recovery may be slow because AMD involves physical degradation of the benthic habitat, and because recolonization by fish and insects can require long time spans. Additionally, the underlying problems usually encompass entire watersheds. Ultimately, long-term, watershed-scale monitoring efforts are necessary to assess the success of AMD remediation. Despite the large body of research on AMD remediation, there are only a few studies that encompass large reaches and span decades. Considering the large expenditures directed towards AMD remediation, there is a clear need additional for pre-and post-restoration data collected over large spatial and temporal scales. Tom's Run, a stream that was historically polluted by acid mine drainage but has since been the site of various remediation efforts, provides an opportunity to assess watershed level recovery using data collected both before and after several decades of restoration.
FIELD-SITE DESCRIPTION
Tom's Run (lower limit latitude: 41.331902, lower limit longitude: -79.207748) is a poorly buffered, cold-water stream that drains a 32.4 km 2 watershed in northwestern Pennsylvania, USA. Ninety-four percent of the watershed is forested, primarily by northern hardwood species and Tsuga canadensis (Eastern Hemlock). Most of the watershed is contained within the boundaries of Cook Forest State Park, and thus development of infrastructure is minimal and human population density is low. Other than the mining activity described below, there have been no significant changes in land use in recent decades. Historically, there was extensive surface mining of coal from the ridges that form the periphery of the watershed (Merritt and Emrich, 1970) , though mining ceased by the 1960's. Rain water percolating through the abandoned surface mines dissolved pyrite and resulted in widespread groundwater pollution (Merritt and Emrich, 1970; Stafford et al., 2004) . Groundwater, confined between layers of shale and following plunging strata, carried the dissolved pyrite several kilometers or more from the mines and towards Tom's Run, sometimes from outside the boundaries of the surficial drainage basin. The polluted groundwater eventually emerged as artesian springs and seeps through a wide portion of the watershed (Stafford et al., 2004) . In response to concern regarding the deteriorating water quality in Tom's Run, Dinsmore (1968) surveyed water chemistry, benthic macroinvertebrates, fish, and algae at locations along the entire mainstem of Tom's Run as well as in all of the tributaries. Based in part on Dinsmore's assessment, reclamation efforts were implemented between 1970 and 2000. Surface mines in the headwaters were recontoured and revegetated, deep mines were sealed and injected with a lime slurry, nearly all of the abandoned gas and oil wells in the watershed were plugged, and a passive treatment system including an anoxic limestone drain and two settling ponds was installed to treat a remaining AMD discharge (Merritt and Emrich, 1970; Hedin, 2001) . Because Dinsmore's study was completed before remediation efforts were implemented, the watershed provides a valuable opportunity to evaluate the long-term recovery of a watershed subject to AMD pollution. We gathered post-restoration data during spring and summer 2011, surveying the same sites and utilizing the same sampling methodology as Dinsmore (1968) , and demonstrate how pre-and post-restoration data collected over a 44-year time span can be used to quantitatively assess the watershed level recovery of Tom's Run from AMD. Using Dinsmore's (1968) descriptions, we revisited 12 sample sites along the mainstem of Tom's Run, located at approximately equidistant intervals from the headwaters to the mouth. Sampling dates were chosen to coincide with Dinsmore's collection dates, and his sampling methodology was replicated as accurately as possible. Water chemistry and macroinvertebrate data were collected in both spring and summer of 2011. Spring collections occurred in late May, and summer collections occurred in mid-July. Fish were sampled once in late July. All sampling was conducted under stable, base flow conditions.
METHODS

> SAMPLING LOCATIONS AND DESCRIPTIONS
> WATER CHEMISTRY
pH, temperature, and dissolved oxygen were measured in the field using a YSI-556 MultiProbe-System calibrated to manufacturer's specifications. Water samples were collected in acid-washed 500 mL polyethylene bottles at each sampling site and transported on ice to an analytical laboratory for immediate analysis. Laboratory analyses of unfiltered water were conducted using Inductively Coupled Plasma Atomic Emission Spectroscopy for determination of total iron and sulfates. Total alkalinity and free acidity titrations were conducted following standard protocols (APHA, 1998). Samples were titrated to pH 8.3 with 0.02N sodium hydroxide to determine free acidity, and pH 4.5 with 0.02N sulfuric acid to determine total alkalinity. Because we were interested in overall effects of restoration on water quality, we averaged spring and summer values for further analysis. pH values are the logarithm of hydrogen ion concentrations, so average pH values represent geometric mean of hydrogen ion concentration.
> MACROINVERTEBRATES
Benthic macroinvertebrates were sampled using a 0.09 m 2 Surber sampler. At each site, three samples were collected in separate riffles in accordance with Dinsmore's methodology. Macroinvertebrates were picked in the field and blotted to remove excess water before being transferred to an aluminum pan and weighed on a portable balance to determine live biomass. After weighing, specimens were preserved in 70% ethanol and later identified to genus and counted. Crayfish were collected but not included in the macroinvertebrate biomass; they were counted and returned to the stream. We calculated local taxonomic richness (mean number of genera per site), regional taxonomic richness (total number of genera across all sites), macroinvertebrate density (mean number of individuals per m 2 ), % EPT (mean percent of total individuals comprised of Ephemeroptera, Plecoptera, and Trichoptera at each site), mean Shannon Wiener Diversity Index, and live biomass (mean mg·m −2 ). Watershed means were calculated by first averaging spring and summer values, and then averaging across sample sites. Jaccard's Similarity Index, which describes the proportion of shared taxa, was used to evaluate the similarity of the macroinvertebrate assemblage between 1967 and 2011.
> FISH
Fish were sampled using a pulsed-DC backpack electrofishing unit over a 100 m transect at each sampling site, and each fish was identified to species before being returned to the stream. We calculated local species richness (mean number of fish species per 100 m transect), regional species richness (total number of fish species across all sites), fish density (mean number per 100 m transect), and brook trout density (mean number per 100 m transect).
> STATISTICAL ANALYSIS
Paired t-tests were used to test for significant changes in water chemistry parameters, macroinvertebrate assemblage metrics, and fish metrics, between 1967 and 2011. A paired t-test, used in this way, is equivalent to an ANOVA with sample sites as blocks, and tests whether the mean value of each variable, averaged across sample sites, changed significantly between 1967 and 2011. Macroinvertebrate biomass data did not follow a normal distribution and were therefore log-transformed. Fish density and brook trout density were also non-normally distributed, and included zero values, therefore a log(x + 1) transformation was applied. Dinsmore had missing data for several variables, so respective data from 2011 sampling sites were excluded from analysis in order to make paired comparisons.
RESULTS
> WATER CHEMISTRY
Since 1967, pH in Tom's Run has increased by approximately 1.3 points ( Figure 1A ) which corresponds with a 20-fold decline in acidity. Mean free acidity has also declined, from 23.24 mg·L −1 CaCO 3 in 1967 to 3.48 mg·L −1 in 2011. Alkalinity has more than doubled ( Figure 1B ) but is still generally low. Sulfate and iron concentrations have decreased, with a 68% reduction in sulfates ( Figure 1C) , and a 90% reduction in iron ( Figure 1D ). All of these changes in water chemistry parameters are statistically significant (Table I ). Tom's Run is relatively cold (mean temperature = 15.1
• C) and oxygen saturated (mean dissolved oxygen = 9.25 mg·L −1 ). Temperature and dissolved oxygen have remained very similar to values measured in 1967 (<5% difference) and mean values were not significantly different (Table I) .
> MACROINVERTEBRATES
Macroinvertebrate density was substantially higher in 2011 than in 1967, with the mean density increasing from 7 individuals·m −2 in 1967 to 27 individuals·m −2 in 2011 (Figure 2A) . Macroinvertebrate biomass also increased dramatically, from 43 mg·m −2 in 1967 to 301 mg·m −2 in 2011, or approximately a 6-fold increase ( Figure 2B ). These increases were both statistically significant (Table I) . Regional richness, represented by the total number of macroinvertebrate genera found throughout the entire watershed, more than doubled from 25 in 1967 to 63 in 2011. Similarly, local taxonomic richness (mean number of macroinvertebrate genera per sampling site) was much higher in 2011 than in 1967, with a mean increase of 12 genera ( Figure 2C) . Also, the macroinvertebrate assemblage of 2011 was much more diverse than in 1967, with a Shannon Wiener Diversity Index of 2.04 in 2011 versus 0.90 in 1967. These increases in richness and diversity were all statistically significant (Table I) . The representation of EPT taxa increased from 57.6% in 1967 to 79.3% in 2011, but this increase was not statistically significant (Table I ). Jaccard's Similarity index indicated that just 26% of the genera collected were shared in the sample years. The stonefly, Leuctridae Leuctra, was the most common genus collected in both surveys. Other dominant genera collected in both surveys included the caddisfly Hydropsychidae Hydropsyche, the stonefly Nemouridae Amphinemura, and the non-biting midge Chironomidae Chironominae. Overall, the identity of the dominant taxa was surprisingly similar in 1967 and 2011 (Table II) , and the major change in macroinvertebrate species composition is attributable to addition of numerous taxa in 2011.
> FISH
Regional richness of fish more than doubled between sampling years, increasing from 3 species collected throughout the entire watershed in 1967 to 7 in 2011. Similarly, local taxonomic richness was higher in 2011 than in 1967, with a mean increase of 4 species per 100 m transect ( Figure 3A) . Mean fish density, or the number of individuals collected per 100 m transect, was much higher in 2011 than in 1967, with the mean increasing from 3 to 69 fish ( Figure 3B ). Lastly, the density of brook trout was also substantially higher in 2011, with the mean increasing from 2 to 14 per 100 m transect, or a 5.8-fold increase ( Figure 3C ). Increases in local taxonomic richness, fish density, and brook trout density were all statistically significant (Table I ). The dominant fish species collected in 1967 was the brook trout, an acid tolerant species (Table III) . The dominant species collected in 2011 were the blacknose dace and mottled sculpin, species that are relatively intolerant to acidity (Table III) .
DISCUSSION
Our study shows that water quality has improved significantly throughout the Tom's Run watershed following the implementation of AMD remediation efforts. Between 1967 and 2011, mean pH and alkalinity increased, and mean free acidity, sulfate, and iron concentrations declined. Biological recovery can be highly variable and contingent on factors other than water chemistry (e.g. Louhi et al., 2011; Sundermann et al., 2011 , Johnson et al., 2014 , but the results of our study also show large improvements in most aspects of the biological community of our study system. Local macroinvertebrate taxonomic richness, mean macroinvertebrate density, mean live biomass, and Shannon Wiener diversity index were all significantly higher in 2011 (post-restoration) than in 1967 (pre-restoration), and regional taxonomic richness throughout the watershed more than doubled after remediation efforts were implemented. These results are consistent with studies showing that degradation of water quality from AMD is typically associated with a reduction in the diversity and abundance of macroinvertebrates (Tomkiewicz and Dunson, 1977; Kimmel, 1983) , and studies demonstrating biological recovery from AMD following restoration (Nelson and Roline, 1996; Gunn et al., 2010) .
Although many of the studies of recovery from AMD are of limited temporal and spatial scale, there are several notable exceptions in the recent literature. Studies that encompass entire watersheds include Bott et al., 2012 , Kruse et al., 2013 , and Johnson et al., 2014 . Interestingly, one of the conclusions drawn from all three of these studies is that the spatial scale of recovery depended on the variable under consideration. Water quality improvements were evident a short distance from treatment sites, but community and ecosystem level patterns and processes required larger zones of recovery. There are fewer studies of AMD recovery that encompass a decadal or longer time scale, with the long-term study of Swatara Creek (e.g. Cravotta et al., 2010) being a notable example. Cravotta et al. found that temporal trends also depend on the variable measured, as water quality improved more quickly than did the structure and function of the biological community. Our study encompasses perhaps the longest time frame (44 years) of any of the AMD recovery studies, and the robust biological recovery we document here may be a product of the long time span involved.
The EPT metric is often calculated because mayflies, stoneflies, and caddisflies are assumed to be intolerant of pollution and thus indicators of high quality aquatic environments (Plafkin et al., 1989; Bain et al., 2000) . However, we found that the % EPT increased only modestly between 1967 and 2011 and that the difference was not statistically significant. Contrary to the presumption that the EPT index represents intolerant taxa, two of the dominant taxa in Tom's Run in both 1967 and 2011, Leuctra and Amphinemura, are moderately acid-tolerant (Sutcliffe and Hildrew, 1989; Dangles et al., 2004) and thus their numbers did not decline when the stream was polluted. In Tom's Run, metrics of abundance, biomass, richness, and diversity were sensitive indicies for detecting changes in water quality, but metrics based on species composition were insensitive indicators of improvement. Thus, we suggest that EPT and other indicies of biotic integrity based on the identity of the dominant species be used with caution.
It is interesting to note that although the identity of the dominant macroinvertebrate taxa collected were relatively similar both pre-and post-restoration, overall, only 26% of the genera were shared. The five most dominant taxa in 1967 remained among the top six in 2011, but many additional taxa were added following restoration. This shows that the dominant taxa in Tom's Run have not been replaced by less-tolerant taxa as water quality improved. Instead, enhanced water quality has allowed numerous additional macroinvertebrate taxa, including intolerant taxa, to colonize the system. Changes in species composition along environmental gradients can follow two different patterns, either the addition of more species (nestedness), or the replacement with new species (turnover) (Matthews, 1998) . Thus, considering the trajectory of recovery as an environmental gradient, our macroinvertebrate community appears to show signficant nestedness along the recovery gradient, but not significant turnover (sensu Leibold and Mikkelson, 2002) .
Dinsmore found only 3 species of fish when he surveyed Tom's Run in 1967 before the implementation of remediation efforts, which is consistent with studies that show streams affected by AMD tend to have lower overall abundance and diversity of fish (Kimmel and Argent, 2010) . After restoration, the fish community rebounded, as evidenced by a doubling in watershed-level richness (7 species), and substantially higher local fish species richness, fish density, and brook trout density. Thus, remediation efforts were successful in allowing for recolonization of several additional taxa and in promoting a large increase in fish abundance.
18p8 K.M. Williams and A.M. Turner: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 18 As with the macroinvertebrate community, the fish species present in 1967 remained abundant in 2011, showing that enhanced water quality allowed for the addition of more fish species into the system (nested assemblages), as opposed to promoting species turnover. It is difficult to evaluate the role of specific reclamation activities in the restoration of Tom's Run because a variety of remediation efforts have been implemented, and because there is some evidence that over time AMD discharges will attenuate without abatement efforts as acid-forming minerals are depleted from exposed overburden. Studies have found significantly lower pollution loads after approximately 40 years in untreated watersheds (Wood et al., 1999) , and a reduction in acidity at a rate of about 2% per year (Mack et al., 2010) . Thus, it is possible then that the water quality improvements in Tom's Run are at least in part due to the natural depletion of exposed pyrite.
Several factors predisposed the Tom's Run restoration project to success, whereas other similar projects have failed. First, restoration activities were conducted at the scale of the entire watershed. Too often, stream restoration projects apply reach-scale solutions to catchmentscale problems (Bernhardt and Palmer, 2011) . Second, restoration activities targeted the ultimate cause of pollution: abandoned mines and abandoned gas and oil wells. Restoration projects sometimes attempt to implement solutions that do not address the root cause of the loss of ecological functions, with an example being the habit of employing structural enhancements to increase habitat heterogeneity in streams that are actually suffering from chemical degradation (Walsh et al., 2005) . Finally, it is important to acknowledge that Dinsmore's data show that Tom's Run was only moderately degraded by AMD, with a mainstem pH mean of 5.26 and mean iron concentration of 1.3 mg·L −1 in 1967. Indeed, the large effort directed at remediation in the 1970s was motivated in part by Dinsmore's assessment that Tom's Run was a recoverable ecosystem. More severely polluted streams will be more difficult to restore, and it is not yet known whether streams severely degraded by AMD can recover over a several decadal time scale with current remediation methods. This result does highlight, however, the wisdom of prioritizing AMD restoration efforts such that moderately degraded systems are addressed first, as these are the streams that are the most promising candidates for successful remediation.
The number of stream restoration projects undertaken within both Europe and the U.S.A. has grown exponentially in the last decade, and large sums of money are expended annually on stream and river restoration efforts (Bernhardt et al., 2005) . Given the large effort expended on restoration, there are relatively few studies in the peer reviewed literature evaluating the success of restoration efforts (Brooks and Lake, 2007; Louhi et al., 2011) . Furthermore, published studies of restoration often encompass only limited spatial and temporal scales (Palmer, 2009) . In order to carefully evaluate the extent to which restoration projects are successful in restoring water quality, data need to be collected both before and after restoration, and more monitoring needs to occur at larger scales (Muotka et al., 2002) .
In sum, our data suggest that with appropriate remediation efforts and time, streams affected by AMD can successfully recover. As stream restoration efforts continue to expand, it is important that quantitative monitoring of a variety of response variables, both pre-and postrestoration, is implemented. Further, sampling programs that are conducted over broad spatial and temporal scales will yield more meaningful information than narrowly focused studies.
